ABSTRACT Chronic wounds (CWs) usually happen in diabetic foot ulcers, venous leg ulcers, and pressure ulcers. When wounds fail to achieve sufficient healing within four weeks, it indicates that bacteria in the wounds are promoting chronicity through relapse infections. Therefore, how to observe changes in a wound after it is covered with gauze to avoid the formation of CWs is important for clinical care. Previous studies showed that wound pH value distribution can be used as an important basis for infection and healing assessment. This paper proposed the design of sensor gauze with multi-channel moisture and pH monitoring for CWs. The moisture sensing analysis of different areas could be used to determine the distribution of the corresponding wound tissue fluid, as well as automatically carry out multi-area pH value measurements and wound analysis. The analysis results were graphically displayed on a monitoring device. The results indicated that the proposed design could measure pH values with high sensitivity (0.01 pH/mV) in the range of 3 to 10. Statistical correlation analysis revealed a strong correlation (R 2 = 0.97) between the standard meter and each pH sensing point. In the experimental correlation between the proposed device and the moisture device, the results show that there was a high correlation (R 2 = 0.97). The response time of the whole wound scan with four channels was within one second. This design has the potential to provide assistance for related clinical care applications.
I. INTRODUCTION
The effectiveness of wound healing depends on local wound factors, including systemic mediators, possible underlying diseases, wound debridement, and care. Possible underlying diseases such as diabetes and peripheral artery occlusive disease (PAOD) tend to occur in the elderly. Clinically, when wounds last for four to six weeks and fail to effectively heal or inhibit wound infection, they often develop into chronic wounds (CWs), which makes it more difficult for clinical care. Severe CWs may even lead to amputation or death [1] . Clinically, CWs are usually observed in pressure ulcers, diabetic ulcers, venous ulcers, and arterial insufficiency ulcers. In addition, the incidence of CWs increases with age [2] , [3] . In the USA, CWs affects six million people (about 2% of the population) and increases year by year, at an annual cost of 20 billion US dollars.
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CWs not only impose a burden on the healthcare system but also cause a reduction in productivity [4] , [5] . CWs could be avoidable with accurate evaluation and appropriate early treatment. Many studies have investigated the critical parameters for the potential changes and healing of CWs and numerous factors are known to have an effect on wound healing. Of these factors, two of the particular importance are pH value and changes of tissue fluid.
In 2011, Schreml et al. used the luminescence imaging method to monitor the real-time pH distribution for wounds and tried to find variations in the different stages of healing between acute wounds (AWs) and CWs. The in vivo experiment found that the pH value of AWs decreased from 8-9 on day one to 5.5-6 on day 14 and the AWs entered the proliferative and remodeling phase. Imaging analysis showed no significant difference in the pH value distribution of the entire wound. Moreover, although a decreasing trend in the overall pH value on Day 14 was observed of CWs, the pH value of some areas remained unchanged at approximately 8, and there was a significant difference in the distribution of wound pH values. Such a result also showed that as long as any area was infected, the entire wound would develop into a CWs. Therefore, it is important to monitor the pH value at different areas of a wound [6] . In 2014, Percival et al. investigated the effects of pH on wound healing, biofilms, and antimicrobial efficacy. They demonstrated that pH is an important contributing factor in the healing process and that in particular, different pH ranges are required for the various phases of healing. They also highlighted that, in terms of pH as a therapeutic target, wound healing occurs most effectively at a low pH value, whereas alkaline wound environments have been linked predominately to CWs [7] .
In 2003, Schultz et al. performed a series of literature reviews on wound management and discovered that CWs tends to increase moisture due to the generation of secretions caused by wound infection. This increase in wound moisture causes bacteria to be prone to proliferate and further increases the risk of infection, and it is also one of the important causes of repeated CWs infections [8] . In 2016, Milne et al. used standard wound moisture sensing instrument available on the market (Ohmedics, WoundSense TM , UK) to conduct a clinical trial on CWs in 30 patients. The CWs included pressure ulcers and diabetic ulcers, and the CWs were measured a total of 588 times. The research results showed that the wound moisture of 55.1% of the patients during dressing changes was either too dry or too wet due to infection [9] . In 2016, Rippon et al. investigated the effect of moisture on the wound healing process, and the results showed that moisture monitoring is also important under circumstances where moist dressings are applied to a wound. If moist dressings are not changed for an excessively long time, the dressing will lose function and the wounds will become excessively dry. However, excessively frequent changes will waste clinical care manpower and resources. The increase in tissue fluid exuded due to moisture-induced infection causes wounds to become too wet, which increases the risk of infection. These wounds may also develop into CWs, and severe wounds may even cause tissue necrosis [10] .
Based on the above, observations on the distribution of wound pH values and moisture are important to wound healing monitoring [6] - [8] . However, the cost of using imagebased methods to track changes in wound pH values is high and the observation process exposes the wound to air, which increases the risk of infection. On the other hand, if a wound is covered with a dressing it is difficult to observe the increase in tissue fluid caused by infection. Moist dressings can be left on a wound for up to seven days, but in clinical settings most patients undergo much more frequent dressing changes, often at one-to three-day intervals. This is because of the difficulties of monitoring wound statuses beneath the dressings, clinical protocols that set fixed times for dressing changes, and subjective judgments on the need for dressing changes. However, such methods not only waste clinical care manpower and resources but may also damage the wound surface due to excessively frequency changes, thereby prolonging the healing time and making patients feel uncomfortable [9] . Therefore, this study developed a sensor gauze with multichannel moisture and pH monitoring for CWs care. In the proposed system, after a wound is covered with gauze, the wound moisture and pH distribution in different areas can be detected and the data can be transmitted wirelessly to a computer for two-dimensional non-image analysis. The proposed method in this study could effectively evaluate the changes in pH value and moisture during wound healing without disturbing the dressing. In addition, relevant information could be provided as a reference for clinical staff and allow objective treatment decisions in a clinical setting.
II. MATERIALS AND METHODS

A. WEARABLE SENSOR GAUZE ARCHITECTURE
This study proposed a sensor gauze with multi-channel moisture and pH monitoring for CWs care that was based on a CC3200 Wi-Fi module with a built-in MCU function to collect and transmit signals. When the gauze patch attached to a wound detects any change in tissue fluid it will initiate the pH testing of the covered area. The signals are filtered and amplified, and then converted by the microcontroller using an analog to digital converter (ADC). Afterwards, the system generates data on the relative moisture and pH distribution according to the changes in the digital signals. Lastly, the built-in Wi-Fi transmission function of the microcontroller displays the wound evaluation information on the user interface as a reference for medical and nursing personnel. The signal processing procedures are shown in Figure 1 . Firstly, the MCU I/O port in the device is employed to test the wound using four channels at a rapid speed of one channel per 0.2 seconds (one testing cycle lasts for 0.8 seconds). The time-division multiplexing (TDM) module gradually scans tissue fluid diffusion positions and ranges. Subsequently, the signals enter the readout circuit to generate information on areas of abnormal moisture and pH as well as the pH changes of the corresponding positions, thereby generating array-based wound area information, as shown in Fig. 2 .
TDM is a kind of digital multiplex technology, and data can be transmitted simultaneously in one channel when more than two signals appear. However, from a physical point of view, the signals still take turns occupying the channel. Taking this study for example, the sensor gauze divides a wound into four areas, with one frame containing a total of four subchannels. The sub-channel set up in this study performs a scan every 0.2 seconds, therefore it takes a total of 0.8 seconds to complete the signal transmission of one frame. When the four sub-channels complete the transmission, the same process is repeated to transmit the new data; namely, the data retrieval of the signal fragments of the next frame.
B. SENSOR GAUZE COMPONENTS 1) ARRAY MOISTURE MEASUREMENT
The array moisture patch proposed in this study analyzes the impedance change caused by the change in relative moisture after the senor gauze absorbs tissue fluid. It is made of flexible printed circuit board (FPCB) and covered with gauze for medical use. The interval of the circuit is 0.2mm and the sensor development process is shown in Fig. 3 . The bareness of the sensing points is preserved during the process and the circuit is insulated using a coverlay. The detailed design and circuit architecture were obtained from [11] and [12] . Afterwards, the standard moisture measurement instrument available on the market (BENETECH, Moisture Meter GM610 China) was used to compare the relativity, as well as calibrate the system according to the results. All the related materials passed the biocompatibility test of ISO 10993. 
2) pH SENSOR DESIGN
The pH sensor used in this study is composed of an ionsensitive field-effect transistor (ISFET) working electrode and an Ag/AgCl reference electrode. The principle is based on the change in potential difference caused by differences in the hydrogen ion activity in the solution to be tested and the corresponding pH value can be obtained according to the change in the potential difference. To integrate the sensor with the gauze for medical use, this study chose an ISFET pH sensor (ISFETCOM Co., Ltd, ISFET-A 01, Japan) integrated with FPC technology. During the measurement, this study used the characteristics of the linear region and ohmic mode of the field-effect transistor to measure changes in the pH value (V GS ) of the solution to be tested and then fit the V GS data as in (1), to obtain the pH value of the solution to be tested [13] - [15] :
where
, F is faraday constant, R is gas constant, V T is threshold voltage, and I DS is source current of the linear region.
a: ISFET-BASED pH SENSOR
The ISFET-based pH sensor readout circuit adopted in this study was designed based on the concept proposed by Jarmin et al. in 2015. The circuit uses constant current and voltage control to controls the drain and source of the ISFET pH sensing component using the feedback mode of the operational amplifier to form fixed VDS and IDS. When the ISFET senses a change in pH value it will generate a change in VGS at the gate [16] . The advantages of the design are simplicity, low cost, and rapid electrochemical conversion. The readout circuit is shown in Fig. 4 . The operational amplifier maintains a constant voltage and constant current through the feedback mode by adjusting the resistance of the V DS and I DS . In other words, the negative feedback mode will reduce V GS to maintain equilibrium when V GS causes I DS to rise. The measured V GS was the signal output from the ISEFT sensor used in this study [17] . In addition, after the sensing points on the left of the moisture readout circuit contact the tissue fluid absorbed by the gauze, the mapping circuit converts the voltage level with an impedance change according to the number and position of conduction.
After signal processing, signal analysis is performed in the MCU for the wound moisture analysis.
b: REFERENCE ELECTRODE FOR pH SENSOR
The pH value measurement in this study uses the electrode method and converts the change in the potential difference to the pH value. The principle is based on the integration of a working electrode and reference electrode with hydrogen ion-selectivity. When electrodes are placed in solutions with different pH values, the electromotive force (Em) of the electrodes changes with the difference in the hydrogen ion level. The role of the reference electrode is to provide a stable potential during the measurement process. Common reference electrodes include calomel electrodes and Ag/AgCl electrodes. Calomel electrodes compared to standard hydrogen electrodes (S.H.E) is 0.244V, while Ag/AgCl electrodes compared to standard hydrogen electrodes (S.H.E) is 0.199V. They are both reversible and highly stable electrodes. However, calomel is harmful to organisms and was not suitable for monitoring wounds in this study.
Therefore, in the manufacturing process of the selfdesigned moisture sensor patch, an Ag/AgCl coating was added to the surface, thus providing the advantages of a simple manufacturing process, stable potential changes, and a firm structure (Customized electrode, VIDA Bio., Ltd, Taiwan). In addition, in order to avoid the measurement error caused by electrode contamination, 3mol/L of KCl-agarose gel was coated on the surface of the Ag/AgCl as a salt bridge for the reference electrode. For pH sensing, the design of Ag/AgCl in combination with ISFET was adopted, displaying high biocompatibility [17] . Moreover, gauze for medical use was covered on FPCB, thus to keep the wound from being exposed, and significantly reduce related risks. For the device proposed in this study, the outer case was produced using 3D printing with a polylactic acid material and had a size of 5 × 5 × 2.5 cm. The array sensor patch was made of flexible printed circuit board (FPCB) that was integrated with gauze for medical use. The system configuration is shown in Fig. 5.   FIGURE 5 . Wound monitoring device.
3) pH BUFFER SOLUTION PREPARATION
In order to simulate the actual change in clinical wounds, this study used a pH buffer solution available on the market to dilute and prepare solutions with different pH values for the experiment [7] . This study simulated various changes in the wound recovery process at different pH values, as well as verified the readout circuit proposed in this study. Firstly, the pH solutions were prepared based on the pH definition of pH = −log a H+ . According to the negative logarithms of the hydrogen ion (H+) and the hydroxide ion (OH-) molar concentration (Molarity, M), the molar concentration as follows:
After the molar number of the solute was obtained, as in (2), it was fit to (3) and converted to the solute mass. Water was added to achieve the required volume. In the preparation of the acidic solution, distilled water was added to 2.5 ml of 0.2 mol/L HCL to reach 500 ml, in order to obtain a pH 3 solution; The same volume of HCl and NaCl solutions were mixed to obtain a pH 7 solution; Distilled water was added to 50 ml of 0.2 mol/L HCL to reach 100 ml, in order to obtain a pH 13 solution. Subsequently, the experimental buffers at different pH values were prepared by diluting the solution to 10 times the amount of the original solution. Lastly, the buffers were placed in a standard dropper and labeled for subsequent experiments.
III. EXPERIMENTAL DESIGN AND RESULTS
In order to verify the stability and accuracy of the device, a series of experimental tests were performed. During the experiment, a microprocessor pH/ORP meter (Suntex Instruments Co., Ltd., SP-2200, Taiwan) was used to test the correlation of the pH sensor patch and a moisture meter was used to test the correlation of the moisture sensor patch. The experiment is described below.
A. VERIFICATION OF THE CORRELATION BETWEEN pH SENSOR SENSITIVITY AND THE STANDARD DEVICE
This study placed pH solutions simulating different wounds into a container and observed the sensor's sensitivity as well as the correlation between the pH value converted by the readout circuit and the standard device available on the market. The pH sensor patch was placed on the container of the platform and connected with the back-end readout circuit, and then the voltage change was recorded using a standard benchtop oscilloscope (Tektronix, MDO3014, USA). Afterwards, the readings were transmitted to the platform through the built-in Wi-Fi function in the device to observe the sensor patch's sensitivity when it contacted the solution as well as the mean response time required to achieve stability, as shown in Fig. 6 . Before testing was initiated, this study used a standard buffer solution available on the market to calibrate the system. Afterwards, solutions with a pH ranging from 4 to 10 were used to conduct the experiment. Fig. 7(a) is the time trace and calibration plot obtained from the monitored sensor patch and readout circuit. The experimental results showed that under a pH range of 4-8, the pH sensor had a response of 71.2 ± 0.3 mv pH-1 and the sensor reached a stable signal in less than 30 seconds. Moreover, in the correlation testing, the pH 4, pH 6, pH 8, and pH 10 simulation solutions were added to the corresponding positions of the container. Each solution was tested 10 times and the data were recorded. The experimental results showed that there was a high correlation (R 2 = 0.976) between the standard device available on the market and the readout circuit proposed in this study, with a mean error of 0.35, as shown in Fig. 7(b) . The experimental results showed that because the pH change that occurs during the healing process takes several days to weeks, the response time of the sensor patch proposed in this study could meet actual needs. Moreover, in the correlation testing, the ISFET sensor patch readout circuit proposed in this study could effectively distinguish the pH value change range in the wounds during the recovery process or during infections.
B. MOISTURE SENSOR RESPONSE TIME EXPERIMENT
The experimental configuration of the sensor's response time is shown in Fig. 8(a) . This experiment aimed to verify the feasibility of the array moisture sensor proposed in this study in combination with a readout circuit. Firstly, this study placed the sensor on the container and chose a pair of moisture sensing points to test and observe the sensitivity. Before testing was initiated, in order to prevent the fluid from diffusing to other areas, a 2.5 cm x 1.0 cm hydrophilic gauze patch (3M Company, Tegaderm, Minnesota, USA) was placed on the surface of the sensing points. Afterwards, this study gradually dropped 0.1 ml of fluid onto the sensor. The same experiment was conducted 10 times continuously. After each addition of solution, a standard benchtop oscilloscope was used to extract the response time and calculate the mean.
The experimental results are shown in Fig. 8(b) . The device was able to effectively identify any change in moisture and the readout circuit's mean response time was 35.7 ± 4.7 ms. Because tissue fluid did not change immediately, the response time of the patch and readout circuits proposed in this study met actual needs according to the experimental results. In addition, before correlation testing was initiated, a 2.5 cm × 1.0 cm hydrophilic gauze patch was also placed on the sensing points, a dropper was used to add the prepared simulated wound fluid, and the moisture was controlled at 0.1 ml each time to simulate the tissue fluid proliferation of an actual wound, as shown in Fig. 9 . This study used a moisture meter (BENETECH, Moisture METER MS-1, China) as a control and each moisture was tested 10 times. Afterwards, a standard benchtop oscilloscope was used to extract the voltage level converted by the readout circuit. The experimental results showed that there was a high correlation between the standard device available on the market and the readout circuit proposed in this study (R 2 = 0.97), as shown in Fig. 10 . Therefore, the moisture sensor patch readout circuit in combination with the self-designed array sensor patch proposed in this study could effectively identify wound recovery or moisture changes caused by tissue fluid proliferation under infection.
C. DIFFUSION SIMULATION EXPERIMENT
According to the clinical wound change process, the tissue fluid proliferation of a wound does not occur in a single and predicable position. Therefore, multi-channel sensing is important. The purpose of this experiment was to verify that the system proposed in this study could indeed detect the random diffusion of tissue fluid under gauze in the case of infection, as well as to investigate whether the data on tissue fluid diffusion taking place in different areas of a wound could be converted to a real-time image by the device. In the designed experimental environment, this study used gauze for medical use and a pH 7 buffer solution to simulate the tissue fluid diffusion of an infection. Firstly, this study placed the sensor patch on a prosthesis and covered the sensor using hydrophilic gauze with an area of approximately 4.0 cm × 2.5 cm to simulate the gauze absorption model of wound tissue fluid proliferation. The four testing areas in the experiment were A, B, C, and D, representing the configuration of the four ISFET sensing points. During the detection period, this study used a pipet to drop 0.1 ml of fluid each time, with a total of 10 times during the experiment. In order to compare the 2D image of the wound with the actual diffusion result, a green pigment was added to the pH 7 solution, as shown in Fig. 11 .
The gauze moisture measurement results from the diffusion experiment are shown in Fig. 12 . A trend of a significant increase began to appear at random dropping point B. According to the diagram, it could be inferred that the distance between the sensing position and dropping point was D > A > C > B.
Afterwards, according to the pH value measurement results shown in Fig. 13 , at 0.5 ml, point B displayed a pH value response signal; at 0.6 ml, point C displayed a pH value response signal; at 0.9 ml, point A displayed a pH value response signal; and at 1.2 ml, point D displayed a pH value response signal.
The sensor designed in this study was covered with gauze for medical use. Such a design increased the safety of clinical use, and enabled this study to actually simulate the sensing results of the sensing points that were contacted after the tissue fluid was absorbed by the gauze during the experiment. According to the experimental results mentioned above, this study preliminarily determined that the distance between various testing points and dropping points was D > A > C > B. According to the 2D image results shown in Fig. 14 and the comparison of the actual gauze diffusion position shown in Fig. 15(b) , under conditional simulations, the diffusion simulation of wound tissue fluid was consistent with the 2D image. The moisture at point B was the highest and the change in pH value was detected first. Afterwards, although pH value abnormalities were detected in diffusion points C, A, and D, the moisture change was smaller compared with other three points. The experimental results verified that the device proposed in this study was able to monitor non-image-based wound changes under gauze in the case of abnormal proliferation of tissue fluid caused by wound infections. 
IV. CONCLUSION
Other research results have shown that the use of fluorescent cell staining in combination with the CCD image method for continuous image analysis of a wound can effectively monitor image-based pH distribution and changes to further distinguish between AWs and CWs. However, this method leads to the long-term exposure of wounds to the air, which may cause bacterial infections. In addition, CWs require a long time to heal and need special care. It is important to not only treat the wound but also follow the wound condition after covering it with gauze or dressing. This study successfully developed a sensor gauze for CWs monitoring using array moisture and pH detection combined with a readout circuit and a Wi-Fi module. Such a simple architecture could be used to monitor real-time tissue fluid secretion levels and the corresponding pH distribution of a wound in multiple areas. In addition, it can be worn for a long period of time. The data can be displayed on a user PC interface by connecting the device to a back-end readout circuit and wireless transmission module to achieve the real-time monitoring of non-imagebased 2D wounds. The experimental results indicated that the developed system exhibited a high pH sensing sensitivity of 0.01 pH/mV with a pH ranging from three to 10, a good linearity of R 2 at 0.97, and a response time lower than 20s. Moisture detection reached 0.06 %/mV and the response time was 0.1 second. However, it is still necessary to perform further animal tests or clinical trials in order to verify the multiple obstructions commonly seen in clinical practice. In summary, this study successfully developed a sterile and disposable sensor gauze that was suitable for use in any dressing worn by a patient and that allowed the dressing moisture and wound pH value to be checked without the need to disturb the dressing. Further clinical testing is still required in the future to verify the clinical application feasibility and improve the human factors engineering of the sensor gauze. The proposed design could help materialize new avenues for embedding sensors to use in electrochemical assessments and wound monitoring. It could be a used as a wound monitoring system for clinical warning and evaluation, thus improving medical service. WEI-SIANG CIOU received the B.S. and M.S. degrees in electrical engineering from the Southern Taiwan University of Science and Technology, Tainan, Taiwan, in 2014 and 2016, respectively, where he is currently pursuing the Ph.D. degree in electrical engineering. He is a member of the Integrated Biomedical System Laboratory. His main research interests include the IoT for medical wearable device, microsystem application, and system integration.
